ABSTRACT In this paper, miniature absorptive bandstop filters (ABSFs) with one to three stopbands are demonstrated. First, the proposed single-band ABSF is realized by the introduction of one lossy resonator to a conventional stub bandstop filter, while the circuit size is largely reduced by employing bridged-T coils to replace the transmission line sections. Next, by employing the dual-band design of bridged-T coil, a miniature dual-band ABSF can be achieved. The proposed tri-band ABSF is then implemented through the cascade of the proposed single-and dual-band ABSFs. As a demonstration, three proposed single-, dual-, and triple-band ABSFs are implemented in a commercial GaAs pHEMT process. Much smaller circuit size than the conventional multi-band ABSFs and good measured performance are achieved.
I. INTRODUCTION
BANDSTOP filters are widely used in communication systems to reject the unwanted interference and harmonic outputs. Most of the conventional bandstop filter designs are reflected ones, i.e., the unwanted signals are reflected at the input. On the contrary, bandstop filters with an absorptive stopband can help reduce the performance degradation of neighboring functional blocks caused by the reflected signals in the stopband. Several absorptive bandstop filter (ABSF) design methodologies have been proposed in recent years [1] - [19] . In [1] and [2] , first-order absorptive microwave notch filters are realized through the signal cancelation between multiple signal paths. Built upon the perfect notch concept in [1] , a class of 2nd-order networks which simultaneously exhibits an ideal bandstop response with infinite stopband attenuation and perfect impedance matching at all frequencies is proposed in [3] . To achieve more compact circuit sizes, the lumped-element realization of the ABSF design in [2] is presented in [4] . Alternatively, lumped-element filter prototypes of a new class of reflectionless filter are proposed in [5] , and theoretically perfect input/output matching at all frequencies is demonstrated. They are then converted to transmission line-based ones in [6] so as to be better suited for high-frequency designs. On the other hand, narrowband ABSFs based on the introduction of one lossy resonator to a conventional coupled-line bandstop filter is proposed in [7] and [8] . They are targeted for absorbing the LO-to-RF leakage of the mixer in a heterodyne receiver so as to prevent the degradation of mixer's conversion gain. In addition, they are extended to form the wideband ABSF designs in [9] based on stub bandstop filters. ABSFs with tunable stopband are also demonstrated in [2] and [10] - [15] , which can be used to protect sensitive receivers of reconfigurable RF front-ends.
All the ABSF designs mentioned above are single-band ones. On the other hand, multi-band ABSFs are required in applications such as the harmonic rejection of power amplifier so as to avoid the instability issue generated by the reflected harmonics. Comparing to the use of an isolator and a lowpass filter for harmonic absorption, the adoption of a multi-band ABSF has the advantages of lower cost and more compact circuit size [16] , [17] . In [16] and [17] , multiband ABSFs are realized by the combination of a multiband rejection filter and a terminated broadband bandpass filter. In [18] , a multi-band ABSF is realized by the cascade of five single-band ABSFs with different stopband center frequencies. Recently, the theoretical response of a dualband quasi-reflectionless bandstop filter is presented in [19] . In this paper, novel miniature multi-band ABSF designs are proposed by using bridged-T coils, and they are realized using a commercial GaAs pHEMT process to achieve very compact circuit sizes. Specifically, the proposed single-band ABSF is first introduced in Section II. It is then extended to the dual-band one in Section III. Finally, a design example of the proposed tri-band ABSF is given in Section IV. Fig. 1(a) is the circuit model of a 3rd-order wideband ABSF proposed in [9] , which serves as the basic filter structure of the proposed multi-band ABSFs. The absorptive bandstop response with the input at Port 1 is achieved by introducing a resistor R to a conventional optimal microwave bandstop filter [20] . Since the input impedance Z in looking into the quarter-wavelength (λ/4) connecting line in Fig. 1(a) is equal to infinity at the stopband center frequency f S , the total absorption of the incoming signal from Port 1 at f S can be achieved by setting the resistance R = Z 2 1 /Z 0 . As a demonstration, an ABSF with f S = 7.2 GHz, fractional bandwidth (FBW) = 0.75, ripple constant ε = 0.1005, and Z 0 = 50 is designed, which is targeted for the 3rd-harmonic absorption of a 2.4-GHz ISM-band transmitter. According to [9] , the required line impedances can be obtained as Z 1 = 97 and Z 1,2 = 60 by the design equations of the optimal microwave bandstop filter [20] . Regarding the resistance of R, although Z 2 1 /Z 0 = 188.18 , a larger resistance of 290 is chosen to achieve a better overall input return loss response as suggested by Chien and Lin [9] . The circuit simulated response of the resulted ABSF is shown in Fig. 2 , and an absorptive bandstop frequency response is obtained as expected. The major drawback of the ABSF design in Fig. 1(a) is that it occupies a very large circuit area due to the use of multiple λ/4 line sections. To greatly reduce the circuit size, the bridged-T coil-based ABSF design in Fig. 1(b) is proposed. It is realized by replacing all three λ/4 lines in Fig. 1 (a) with bridged-T coils. The bridged-T coil [21] can be designed with a nearly all-pass response, and it can be regarded as a wideband lumped-element equivalent of transmission line [22] , [23] . As a result, by replacing all λ/4 lines in Fig. 1(a) with bridged-T coils, a lumped-element single-band ABSF can be achieved as shown in Fig. 1(b) . Most importantly, it can achieve almost the same frequency response as its transmission-line based counterpart in Fig. 1(a) . As an demonstration, the bridged-T coil-based ABSF is also design with f S = 7.2 GHz, FBW = 0.75, ripple constant ε = 0.1005, and Z 0 = 50 . The required L and C values for each bridged-T coil can be directly obtained by the closed-form design equations in [23] and the results are given in Table 1 . Shown in Fig. 2 is the corresponding circuit simulated response and it is compared with the circuit simulated result of Fig. 1(a) . The difference between them is negligible as expected, which is due to the nearly all-pass frequency characteristic of bridged-T coils.
II. SINGLE-BAND ABSF DESIGN

Shown in
TABLE 1. Element values of bridged-T coils.
By adopting the bridged-T coil-based ABSF design in Fig. 1(b) , on-chip single-band ABSFs with very compact circuit sizes can be easily achieved. Here, the WIN 0.15-µm pHEMT process on 4-mil GaAs is used and the filter layout is shown in Fig. 3(a) . Each bridged-T coil is realized by a balanced spiral inductor along with metal-insulator-metal (MIM) capacitors according to the layout guideline in [22] except that the balanced spiral inductor is routed inside out instead to ease the connection of the series capacitor C pi between the input and output [24] . The resistor R is conveniently realized on-chip by the thin-film resistor available in this GaAs process. The photograph of the fabricated filter chip is shown in Fig. 3(b) , and the circuit size is only 1.55 mm × 0.76 mm. The corresponding electrical size is about 0.037λ 0 × 0.018λ 0 at f S = 7.2 GHz. Shown in Fig. 4 are the measured and EM simulated results, and good agreement between them is observed. The measured S-parameters exhibits the desired absorptive bandstop characteristic when the input is at Port 1. The measured stopband rejection is 23.7 dB at 7.2 GHz and it is better than 15 dB from 6.53 to 7.58 GHz. The measured |S 11 | is better than −17.3 dB in the same frequency range while it is better than −15 dB from dc up to 11.8 GHz. As for the passband insertion loss, it is 1.1 dB at 2.4 GHz, and it is within 2 dB from dc to 4.03 GHz and from 10.02 to 12 GHz. The slightly higher insertion loss and the lower stopband rejection are mainly due to the conductor loss caused by the thin conductor trace of 2 µm as well as the eddy current loss associated with the backside ground plane underneath the spiral inductors in this GaAs process. According to the EM simulated result, the quality factor of the bridged-T coil-based λ/4 resonator in Fig. 3 is around 15.5 at the resonant frequency. This lower quality factor is caused by the higher conductor loss associated with the balanced spiral inductor, and it leads to the degradation of maximum stopband rejection from the ideal response in Fig. 2 [20] . Shown in Fig. 4(b) is the power dissipation frequency response of the filter when the input is at Port 1. More than 97% of the input power are absorbed within a bandwidth from 6.79 to 7.51 GHz. Regarding the measured and EM simulated |S 22 | responses in Fig. 4(c) , a reflective response is observed as expected for no lossy resonator is used at the output port.
III. DUAL-BAND ABSF DESIGN
The compact single-band ABSF design in Fig. 1(b) can be easily extended to a dual-band one by employing the dual-band design of bridged-T coil in [25] . That is, using exactly the same circuit model in Fig. 1(b) , one can achieve an ABSF with two absorptive stopbands. The basic design principle is illustrated in Fig. 5 . With the design equations (1) to (4) from [25] , the bridged-T coil can be designed with the required equivalent electrical lengths at two VOLUME 6, 2018 Fig. 5 is designed as 90 • at the first stopband center frequency f S1 and 270 • at the second stopband center frequency f S2 , it can achieve similar absorptive bandstop responses at both f S1 and f S2 . This is because the ABSF design in Fig. 1(a) features the same bandstop response when the line lengths are odd multiples of λ/4.
(1)
As an example, the design of a dual-band ABSF with two stopband center frequencies of f S1 = 4.8 GHz and f S2 = 9.6 GHz is presented, which are targeted for the 2nd-and 4th-harmonic absorption of a 2.4-GHz ISM band transmitter. Here, the same FBW = 0.75, ripple constant ε = 0.1005, and Z 0 = 50 are chosen so the required line impedances and resistance R are exactly the same as those of the single-band design example in Section II, i.e., Z 1 = 97 , Z 1,2 = 60 , and R = 290 . Therefore, to achieve a dual-band ABSF design, BTC 1 in Fig. 5 should have an equivalent line impedance of 97 at both 4.8 and 9.6 GHz (i.e., Z a = 1/Y a = Z b = 1/Y b = 97 ) while the required equivalent electrical lengths are θ a = 90 o at 4.8 GHz and θ b = 270 o at 9.6 GHz. Based on (1) to (4) and with f a = 4.8 GHz and f b = 9.6 GHz, the required L and C values for BTC 1 in Fig. 5 can be directly obtained as those given in Table 2 . Similarly, by setting Z a = Z b = 60 , θ a = 90 o , and θ b = 270 o , the required L and C values for BTC 2 in Fig. 5 can also be obtained. They are listed in Table 2 as well. Table 2 , the circuit model of proposed dual-band ABSF can be constructed and its circuit simulated frequency response is shown in Fig. 6 . A dualband bandstop filter response with two absorptive stopbands is successfully achieved as expected. The first stopband is centered at 4.8 GHz and the stopband rejection is better than 20 dB from 4.68 to 4.92 GHz. The input return loss is better than 13.4 dB in the same frequency range. The second stopband is correctly located at 9.6 GHz. The 20-dB rejection bandwidth is from 9.37 to 9.85 GHz, and the input return loss is greater than 13.4 dB within this 20-dB stopband.
Based on the L and C values in
The proposed dual-band ABSF design can also be conveniently realized using the same GaAs pHEMT process to achieve a very compact circuit size. Shown in Fig. 7(a) is the proposed layout of BTC 1 in Fig. 5 . The layout is realized with two side-by-side spiral inductors along with MIM capacitors according to the layout method in [25] . In contrast to the single-band design, the required mutual inductance of L m1 now becomes a negative value, so the orientations of the two spiral inductors are opposite. Its EM simulated S-parameters are compared with the circuit simulated ones in Fig. 7(b) and 7(c) . The EM simulated return loss of BTC 1 is 25.4 dB at f S1 = 4.8 GHz and it is 27.3 dB at f S2 = 9.6 GHz, indicating that good impedance matching to the design target of 97 is achieved. The EM simulated insertion loss is 0.7 dB at 2.4 GHz and it is 0.8 dB at 9.6 GHz. As for the EM simulated insertion phase in Fig. 7(c) , it is -98.6 • at 4.8 GHz and 94.3 • (or −265.7 o ) at 9.6 GHz, which are both close to the design targets of -90 • at 4.8 GHz and -270 • at 9.6 GHz. Shown in Fig. 8 are the equivalent characteristic impedance of BTC 1 extracted using the formulae in [26] . The EM simulated equivalent characteristic impedance is equal to 92.7 -j3.8 at 4.8 GHz while it is 92.5 -j0.2 at 9.6 GHz. The error in equivalent characteristic impedance is within 5 from the design target of 97 .
Shown in Fig. 9 are the proposed layout and EM simulated results of BTC 2 in Fig. 5 . At f S1 = 4.8 GHz, the EM simulated input return loss is 27.2 dB and the corresponding insertion loss is 0.7 dB. For f S2 = 9.6 GHz, the EM simulated input return loss and insertion loss are 39.7 dB and 0.7 dB, respectively. The EM simulated insertion phase is -99.4 • at 4.8 GHz and it is 93.2 • (or −266.8 o ) at 9.6 GHz as shown in Fig. 9(c) . The corresponding equivalent characteristic impedance is given in Fig. 10 , which is 61.8 -j2.3 at 4.8 GHz while it is 60.4 -j0.5 at 9.6 GHz. The error in equivalent characteristic impedance is within 2 from the design target of 60 .
With the layout designs of BTC 1 in Fig. 7 (a) and BTC 2 in Fig. 9(a) , the dual-band ABSF in Fig. 5 can then be conveniently realized on chip using the same GaAs pHEMT process. The circuit layout and chip photograph are given in Fig. 11 , while the measured and EM simulated results are shown in Fig. 12 . A dual-band bandstop filter response with two absorptive stopbands is observed as expected. For the first stopband, the maximal measured rejection is 22.8 dB at 4.56 GHz. In addition, the measured stopband rejection is better than 15 dB from 4.27 to 4.81 GHz, and the measured input return loss is better than 17.5 dB in the same frequency range. For the second stopband, the maximal measured rejection is 22.4 dB at 9.94 GHz. The 15-dB stopband is from 9.56 to 10.23 GHz and the measured input return loss is better than 12.7 dB in the same frequency range. Regarding the passband performance, the measured insertion loss is 1.65 dB at 2.4 GHz and the corresponding input return loss is 18.96 dB. In addition, the measured passband insertion loss is within 2 dB from dc to 2.69 GHz and from 6.34 to 7.83 GHz, while the corresponding input return loss is better than 17.6 dB. Shown in Fig. 12(b) is the power dissipation when the input is at Port 1. The measured power dissipation of the first stopband at 4.8 GHz is 96.4% and it is better than 95% from 4.27 to 4.85 GHz. As for the second stopband, the measured power dissipation at 9.6 GHz is 92.2% and it is better than 90% from 9.48 to 10.43 GHz. Finally, both the measured and EM simulated output return losses in Fig. 12(c) feature reflective responses for no lossy resonator is introduced at Port 2.
With the use of the dual-band design of bridged-T coil, the single-band ABSF design in [9] can be easily turned into a dual-band one, and the circuit size can be largely reduced. Specifically, the proposed dual-band ABSF features a very compact circuit size of 1.60 mm × 1.67 mm. The corresponding electrical size is only about 0.026λ 0 ×0.027λ 0 at f S1 = 4.8 GHz or 0.051λ 0 × 0.053λ 0 at f S2 = 9.6 GHz, which is the smallest dual-band ABSF reported so far to the best of our knowledge. Based on (1) to (4), miniature dualband ABSF with other values of f S1 and f S2 can also be easily designed. The realizable frequency ratio f S2 /f S1 is limited by the maximal achievable magnetic coupling coefficient M max between the two inductors of the bridged-T coil according to (5) and (6) [25] . For |L mi /L si | ≤ M max = 0.7, the realizable frequency ratio is 1.517 ≤ f S2 /f S1 ≤ 7.534. As a demonstration, shown in Fig. 13 are the circuit simulated responses of four dual-band ABSF designs with the same f S1 = 4.8 GHz but with different f S2 = F × f S1 , in which the frequency ratio F is set as 1.517, 3, 5, or 7.534. The corresponding L and C values for the bridged-T coils are listed in Table 3 . According to Fig. 13 , all the four designs exhibit the desired dual-band ABSF responses when the input is at Port 1. In addition, according to the magnetic coupling Table 3 , the lower and upper limits of the frequency ratio is indeed limited by the maximal realizable magnetic coupling coefficient M max . A larger M max leads to a wider range of realizable frequency ratio between the two stopbands according to (5) and (6) .
IV. TRI-BAND ABSF DESIGN
Given the proposed miniature single-and dual-band ABSF designs in Section II and III, respectively, a miniature VOLUME 6, 2018 Table 3 .
tri-band ABSF design can also be achieved by the cascade of the single-band ABSF with a dual-band one as shown in Fig. 14(a) . The corresponding circuit simulated results are given in Fig. 14(b) , and a tri-band bandstop filter with three absorptive stopbands is achieved successfully. Similar to the cascaded design in [18] , the insertion loss between the stopbands is high so the cascaded design is more suitable for harmonic absorption applications. The proposed tri-band ABSF is also realized using the same GaAs pHEMT process and the resulted chip photograph is shown in Fig. 15 . Here, the layout of the three bridged-T coils of the single-band Table 1 and 2, respectively. ABSF is rearranged to achieve a more compact circuit size. The measured and EM simulated results are shown in Fig. 16 . A tri-band bandstop filter response with three absorptive stopbands is successfully achieved as observed in Fig. 16(a) . The measured stopband rejection at 4.8, 7.2, and 9.6 GHz are equal to 17.5, 26.6, and 19.6 dB, respectively. The corresponding input return loss at these three frequencies are 20.8, 17.7, and 13.2 dB respectively, while the measured input return loss is better than 12.6 dB from dc up to 12 GHz. The measured insertion loss at 2.4 GHz is 3.1 dB. As for the measured power dissipation shown in Fig. 16(b) , it is 97.4% at 4.8 GHz, 98.1% at 7.2GHz, and 94.1% at 9.6 GHz. The measured output return loss in Fig. 16 (c) features a reflective response as expected. Notably, the proposed triband ABSF features a very compact circuit size of only 1.7 mm × 2.3 mm. A performance comparison of proposed dual-and tri-band ABSFs with other previous works on multi-band ABSF design is given in Table 4 . Comparing to the conventional multi-band ABSF designs in [16] - [19] , the proposed dual-band and tri-band ABSFs are much smaller in circuit size. Better stopband rejection and lower passband insertion loss can be achieved by using an integrated circuit process with thicker conductor layers. 
V. CONCLUSION
In this paper, a simple and effective way to achieve single-, dual-, and tri-band ABSF designs is presented. The circuit sizes of proposed ABSFs are very small due to the employment of bridged-T coils. Especially, with the introduction of the dual-band design of bridged-T coil, very compact multi-band ABSFs can also be achieved. Practical design examples using a commercial GaAs pHEMT process are demonstrated to validate the proposed design method and the filter performance. The proposed multi-band ABSFs can be applied to the harmonic absorption of nonlinear devices to reduce the electromagnetic interference and enhance the overall system performance of RF/microwave transceivers.
